Neurofibromatosis type 1 (NF1) tumor suppressor gene product, neurofibromin, functions in part as a Ras-GAP, a negative regulator of Ras. Neurofibromin is implicated in the neuronal abnormality of NF1 patients; however, the precise cellular function of neurofibromin has yet to be clarified. Using proteomic strategies, we identified a set of neurofibromin-associating cellular proteins, including axon regulator CRMP-2 (Collapsin response mediator protein-2). CRMP-2 directly bound to the C-terminal domain of neurofibromin, and this association was regulated by the manner of CRMP-2 phosphorylation. In nerve growth factor-stimulated PC12 cells, neurofibromin and CRMP-2 co-localized particularly on the distal tips and branches of extended neurites. Suppression of neurofibromin using NF1 small interfering RNA significantly inhibited this neurite outgrowth and up-regulated a series of CRMP-2 phosphorylations by kinases identified as CDK5, GSK-3b, and Rho kinase. Overexpression of the NF1-RAS-GAP-related domain rescued these NF1 small interfering RNA-induced events. Our results suggest that neurofibromin regulates neuronal differentiation by performing one or more complementary roles. First, neurofibromin directly regulates CRMP-2 phosphorylation accessibility through the complex formation. Also, neurofibromin appears to indirectly regulate CRMP-2 activity by suppressing CRMP-2-phosphorylating kinase cascades via its Ras-GAP function. Our study demonstrates that the functional association of neurofibromin and CRMP-2 is essential for neuronal cell differentiation and that lack of expression or abnormal regulation of neurofibromin can result in impaired function of neuronal cells, which is likely a factor in NF1-related pathogenesis.
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Neurofibromatosis type 1 (NF1)
2 is an autosomal dominantly inherited disorder, with an estimated prevalence of 1 in 3,000 -4,000 people (1) . The hallmarks of NF1 include development of benign tumors of the peripheral nervous system and an increased risk of developing malignancies. The phenotype of NF1 is highly variable, with several organ systems being affected, including the bones, skin, irises, and central and peripheral nervous systems. The effects on the nervous system manifest as neurofibroma, gliomas, and learning disabilities.
The NF1 gene locates on chromosome 17q11.2 and encodes a large protein of 2,818 amino acids, neurofibromin (2) . Because the great majority of NF1 gene mutations frequently found in NF1 patients prevents the expression of intact neurofibromin, functional disruption of neurofibromin is potentially relevant to the expression of some or all of the multiple abnormalities that occur in NF1 patients (3) .
A region centered around 360 amino acid residues encoded by the NF1 gene shows significant homology to the known catalytic domains of mammalian Ras GTPase-activating protein (p120 GAP). This region is also similar to yeast IRA1/2 proteins, which have been shown to interact with Ras and mediate hydrolysis of Ras-bound GTP to GDP, resulting in inactivation of Ras protein function. The GAP-related domain of the NF1 gene product (NF1-GRD) also stimulates Ras GTPase and consequently inactivates Ras protein (4 -6) . In the region of NF1-GRD, two different isoforms (type I and type II possessing higher and lower GAP activity, respectively) formed by alternative splicing have been identified (6) .
Recently, we demonstrated a novel role for neurofibromin on neuronal differentiation in conjunction with regulation of Ras activity via its GAP-related domain (GRD) in NGF-stimulated PC12 cells serving as a model for neuronal cells (6) . In PC12 cells, time-dependent increases in the GAP activity of cellular neurofibromin (NF1-GAP) were detected after NGF stimulation, and these increases correlated with down-regulation of Ras activity during neurite elongation. Interestingly, the NF1-GAP increases were because of induction of alternative splicing of NF1-GRD type 1, which was triggered by NGF-induced Ras activation. Dominant-negative (DN) forms of NF1-GRD type I significantly inhibited the neurite extension of PC12 cells via regulation of the Ras state. NF1-GRD-DN also reduced axonal and dendritic branching/extension of rat embryonic hippocampal neurons. These results demonstrated that mutual regulation of Ras and NF1-GAP is essential for normal neuronal differentiation. Thus, we speculated that abnormal regulation of NF1-GAP in neuronal cells may be implicated in NF1-related learning and memory disorder (6) . Recent studies using Nf1 gene-targeting animals have also supported our hypothesis. For example, Drosophila homozygotes with Nf1-null mutation showed significant decrements in olfactory learning performance (4); Nf1 heterozygous mice displayed spatial learning disability (7, 8) , and mice lacking the alternatively spliced exon 23a of Nf1 exhibited specific learning impairment (8) . Furthermore, abnormal Ras activity in Nf1 knock-out mice can disrupt learning and memory, indicating that the functional modulation of Ras by neurofibromin is essential for learning and memory.
To determine the precise cellular function of neurofibromin, we recently developed an acute knockdown system for neurofibromin using NF1-siRNAs, and we studied its effects on motility in several types of cell lines (9) . In the glioma and HeLa cells, NF1 siRNA treatment resulted in characteristic morphological changes such as abnormal actin stress fiber formation and elevated phosphorylation levels of cofilin, a protein that regulates actin cytoskeletal reorganization by depolymerizing and severing actin filaments. The elevated cofilin phosphorylation in neurofibromin-depleted cells was induced by activation of the Rho-RhoK/ROCK-LIMK2-cofilin pathway. Based on such evidence, we concluded that neurofibromin plays a significant role in actin cytoskeletal reorganization and cell motility (9) .
The above observations prompted us to postulate that neurofibromin plays a key role in regulating cytoskeletal organization during axon formation or neurite outgrowth in neuronal cells, and that functional regulation by unknown factors associated with neurofibromin could collaborate in orchestrating these phenomena. The search for NF1-associated proteins is therefore of particular interest because it may both lead to the identification of novel cellular components in Ras-related and/or other pathways, as well as further our understanding of the mechanism of NF1-related pathogenesis.
In this study we analyzed the neurofibromin-associating proteins that functionally relate to neuronal cell differentiation. Using the newly established quantitative differential proteomic method, iTRAQ, more than 50 proteins were identified, including several neuronal regulating proteins. Out of the above, we focused on CRMP-2, which is known as a key molecule for axon formation and guidance. First, we observed that cellular colocalization of CRMP-2 and neurofibromin occurred especially on the neurites in NGF-treated PC12 cells. Subsequently, by suppressing neurofibromin expression using NF1 siRNA, we were able to analyze the functional association of CRMP-2 and neurofibromin in relation to the neurite outgrowth of PC12 cells. We observed that NF1 siRNA treatment resulted in upregulation of a series of CRMP-2 phosphorylations and a significant inhibition of the neurite extension of NGF-treated PC12 cells. We then examined the functional correlation between CRMP-2 phosphorylation and neurofibromin suppression by analyzing specific related kinases in PC12 cells using unique proteomic strategies such as two-dimensional-DIGE combined with phosphoprotein staining and Western blotting using specific antibodies. Here we demonstrate that the neurofibromin function for neurite outgrowth of PC12 cells may involve the regulation of CRMP-2 phosphorylation via the direct interaction/complex formation with CRMP-2, and via the regulation of cellular CRMP-2 phosphorylating kinase cascades. We also discuss the implications of a functional association between neurofibromin and CRMP-2 for neuronal regulation in relation to NF1 pathogenesis.
EXPERIMENTAL PROCEDURES

Preparation of Glutathione S-transferase (GST) Fusion Proteins, Plasmid
Constructions, and Transfections-GST fusion domain proteins of human neurofibromin corresponding to sequences of residues 543-909, 1168 -1530, and 2260 -2818 of neurofibromin, which were designated cysteine/serine-rich domain (CSRD), GAP-related domain (GRD), and C-terminal domain (CTD), respectively, were produced in Escherichia coli under the isopropyl 1-thio-␤-D-galactopyranoside induction system and affinity-purified as described previously (10) . Mammalian expression plasmids for NF1-GRD types 1 (pcDNA3-FLAG-GRD1X) were prepared as described previously (6) . Human GST-CRMP2 plasmid construction and purification of GST-CRMP2 protein were performed as described previously (11) . The GFP-NF1-CTD fusion protein expression vector was constructed by ligating KpnI/BamHI fragments of pAcGFP-C1 vector (Clontech) and pGEX-2TH/NF1-CTD (10). The vector was transfected to PC12 cells using Lipofectamine 2000 (Invitrogen) according to manufacturer's recommendation.
Antibodies and Inhibitors-An antibody against the C terminus of neurofibromin (anti-GRP (D)) was purchased from Santa Cruz Biotechnology (Santa Cruz, CA). The anti-human CRMP-2 (C4G) mouse IgG was purchased from IBL (Gunma, Japan). Monoclonal anti-␣-tubulin (clone DM1A) and anti-␤-tubulin (clone D66) were purchased from Sigma. The specific antibodies for phosphorylated CRMP-2, phospho-Thr 514 , and phospho-Thr 555 were prepared as described previously (12) , and phospho-Ser 522 was kindly provided from Dr. Y. Goshima (Yokohama City University). Secondary antibodies linked to horseradish peroxidase and Cy5 were purchased from Amersham Biosciences. Alexa Fluor 488 goat anti-mouse IgG and Alexa Fluor 568 goat anti-rabbit IgG were purchased from Invitrogen. Rhodamine phalloidin was purchased from Molecular Probes. ROCK inhibitor (Y27632), Cdk inhibitor (purvalanol A and olomoucine), and GSK-3␤ inhibitor (LiCl) were purchased from Calbiochem.
Purification of Binding Proteins from Mouse Brain Cytosolic Fraction by GST-CTD Affinity
Chromatography-Mouse brain cytosolic fraction was prepared in lysis buffer A (20 mM Tris-HCl, pH 7.5, 1 mM EDTA, 5 mM MgCl 2 , 150 mM NaCl, and 0.1% Nonidet P-40) containing 1% protease inhibitors (mixture for mammalian tissues, Sigma) and 1 mM DTT, sodium fluoride (2 mM), sodium orthovanadate (2 mM), and okadaic acid (1 M) as described (10) . GST-CTD fusion proteins immobilized on GSH-agarose were packed onto a column and equilibrated with buffer B (30 mM Tris-HCl, pH 7.5, 1 mM EDTA, 5 mM MgCl 2 , and 1 mM DTT). Mouse brain cytosolic fraction was pre-cleared by passing through a GSH column and then loaded onto the GST-CTD column or GST column as a control. After washing the column with buffer A, the proteins bound to the column were eluted by the addition of buffer C (buffer A containing 0.5 M NaCl) and used for the proteomic analysis. Protein concentrations of eluted samples were determined using the BCA protein assay (Pierce) or Bradford assay (Bio-Rad).
Silver Staining-Gels were fixed in fixative (50% methanol and 12% acetic acid) in 0.02% formaldehyde for at least 1 h. Gels were washed in 50% ethanol three times for 20 min and pretreated for 1 min by sodium thiosulfate (0.8 mM). Gels were rinsed in distilled water three times for 20 s. Silver nitrate solution (0.2%) in 0.03% formaldehyde was used for impregnating for 20 min, following rinsing with distilled water two times for 20 s. Developing solution (0.7 M of sodium carbonate, 0.02% formaldehyde, and 16 M of sodium thiosulfate) was used for developing. Gels were rinsed two times in distilled water for 2 min. Stopping solution (50% methanol and 12% acetic acid) was used for stopping the reaction, and gels were kept in 50% methanol.
iTRAQ Sample Preparation and Quantitative Analysis-The 200 l of protein samples (100 g) were precipitated with 6ϫ volume of acetone and kept overnight at Ϫ80°C. After centrifugation of the samples at 13,000 ϫ g for 5 min, the precipitants were kept and dissolved in 200 l of 50 mM NH 4 HCO 3 , 2 mM CaCl 2 , and 10% AcCN; then 1 g of trypsin (Promega) was added and incubated at 37°C for 2 h. Another 1 g of trypsin was added before incubating overnight, after which the samples were kept at Ϫ80°C until analysis. Samples were labeled with iTRAQ tags as follows: 100 g of duplicated protein trypsin peptide fractions eluted from the GST-CTD column were labeled with iTRAQ116 and iTRAQ117; 100 g of duplicated fractions from GST column as controls were labeled with iTRAQ114 and -115. The labeled samples were then all mixed, desalted, and subjected to LC-ESI-QQ-TOF and LC-MALDI-TOF-TOF MS analysis using the UltiMate NanoLC system (LCPackings A Dionex Company), the API QSTAR Pulsar i, or the 4700 Proteomics analyzer (Applied Biosystems). Obtained data were processed with iTRAQ quantitative analysis software ProQuant version 1.1 for ESI-QQ-TOF MS or GPS Explorer version 3.1 for MALDI-TOF-TOF MS (Applied Biosystems) and MASCOT (Matrix Science).
Immunoprecipitation Assays-Mouse brain was homogenized with lysis buffer A containing 1% protease inhibitor mixture for mammalian tissues (Sigma) and 1 mM DTT, sodium fluoride (2 mM), sodium orthovanadate (2 mM), and okadaic acid (1 M) as the phosphatase inhibitors. Samples were centrifuged at 10,000 rpm for 10 min, and the supernatants were mixed with the indicated antibodies for 3 h and then mixed with appropriate protein A or G-Sepharose 4 Fast Flow beads (GE Healthcare) for 1 h. The beads were washed with buffer A, and boiled in 2ϫ SDS loading buffer. Samples were separated by SDS-PAGE, transferred into PVDF membrane electrophoretically, and subjected to immunoblotting analysis with the indicated antibodies. After reaction with horseradish peroxidaseor Cy5-conjugated secondary antibodies, the reacted protein pattern on the membrane was visualized by an ECL detection system or by scanning with fluorescent scanner Typhoon 9400 (GE Healthcare), respectively.
Binding Assay of CRMP-2 to Neurofibromin Fragments in Vitro-The GST fusion neurofibromin fragment proteins (GST-CSRD-(543-909), GST-GRD-(1168 -1530), GST-CTD-(2260 -2818)), or GST (500 g) purified from E. coli were immobilized on GSH-agarose beads and packed onto columns. CRMP-2 protein (500 g) was prepared after the thrombin (48 units) treatment of GST-CRMP-2 in thrombin cleavage buffer (50 mM Tris-HCl, pH 8.8, 150 mM NaCl, 2.5 mM CaCl 2 ) for 40 min at room temperature, followed by the gel filtration. Purified CRMP-2 was applied to the neurofibromin fragment columns and washed with buffer A, and the bound CRMP-2 on each column was eluted by 2ϫ SDS loading buffer. The eluted fractions were separated by SDS-PAGE, transferred onto PVDF membrane electrophoretically, and subjected to the immunoblotting analysis with anti-CRMP-2 antibody. To check the purity of thrombincleaved CRMP-2 and GST-neurofibromin fragments (GST-CSRD, -GRD, -CTD), each protein was subjected to SDS-PAGE and their patterns analyzed after staining with Simply Blue (Fig. 1D, upper panel) .
Quantitative Western Blotting Analysis-After immunoblotting detection, the ECL patterns were scanned using LabScan 5.0 (GE Healthcare) with transparent mode and resolution 300 dpi, and Cy5 patterns were processed by fluorescence scanner Typhoon 9400. 2 , 150 mM NaCl, 1 mM EDTA, 0.1% Nonidet P-40, 1 mM 4-(2-aminoethyl)-benzenesulfonyl fluoride hydrochloride, 1 g/ml each aprotinin, pepstatin A, and leupeptin) and passed through a 25-gauge syringe 20 times. Lysates were centrifuged at 20,000 ϫ g for 20 min at 4°C, and the protein concentrations of the supernatants were determined using the BCA protein assay (Pierce).
siRNA-Four target sequences for Rat NF1 siRNA were designed as follows: a 21-oligonucleotide siRNA duplex was designed as recommended elsewhere (9) and was synthesized by Gene Link (Japan) to target the rat NF1 sequence 5Ј-249 CAAGGAGTGTCTGATCAACTT-3Ј (for 249 NF1 siRNA), sequence 5Ј-532 CTTCGGAATTCTGCTTCTGTT-3Ј (for 532 NF1 siRNA), and sequence 5Ј-611 GGTTACAGGAGT-TGACTGTTT-3Ј (for 611 NF1 siRNA). Annealing of the component strands of each siRNA and transfection were performed as described (9) . FITC-labeled rat NF1 sequence (FITC-249 NF1 siRNA) was also synthesized by Gene Link. A 27-oligonucleotide siRNA duplex was designed and synthesized by iGENE therapeutics (Japan) to target the rat NF1 sequence 5Ј-GAAAGGGGCUUGAAGUUAAUGUCAAAG-3Ј. For control siRNAs, a 27-oligonucleotide siRNA duplex scramble sequence by iGENE therapeutics (Japan), and a doublestranded RNA targeting human NF1 gene (5Ј-609 AACTTCG-GAATTCTGCCTCTG 629 -3Ј) were used as a control. Immunofluorescence Analysis-PC12 cells grown on a 35-mm culture dish were fixed with 4% paraformaldehyde in PBS for 15 min at room temperature and then permeabilized with 0.2% Triton X-100 in PBS for 15 min. After being washed with PBS, cells were incubated in primary antibodies diluted in PBS containing 0.2% bovine serum albumin, followed by a secondary antibody conjugated with a fluorescent dye for 60 min at room temperature, or the cells were incubated with rhodamine phalloidin to stain cellular actin for 60 min at room temperature. Analysis was performed with a confocal microscope (Fluoview, FV300, Olympus) or fluorescence microscope (with 20 ϫ 1.6 Olympus IX71) (DPController, DPManager).
Time-lapse Video Analysis-Cells were placed on a collagencoated glass-bottom plate with 6 wells (Iwaki). Dishes were maintained at 37°C under 5% CO 2 in the chamber set under the camera, during the observation. Images were obtained using a 20ϫ UPlan Apo objective (Olympus). The camera, shutters, and filter wheel were controlled by MetaMorph imaging software (Universal Imaging), and the images were collected every 5 min with exposure times of 100 ms. Through-focus z-series stacks consisting of three frames were acquired at each time point.
Two-dimensional Electrophoresis and Two-dimensional Difference Gel Electrophoresis (DIGE)-Mouse brain or PC12 cell
lysates (10 -50 g), after desalting using two-dimensionalclean up kit (Amersham Biosciences), were mixed with 125 l of rehydration solution (8 M urea, 0.5% (w/v) CHAPS, 0.2% (w/v) DTT, 0.5% (v/v) IPG buffer) and loaded into strip holders for first-dimension isoelectric focusing. IPG strips (pH 4 -7) (Amersham Biosciences) were used and allowed to re-swell for 12 h. Strips were equilibrated in a two-step process in equilibration solution (2% SDS, 50 mM Tris-HCl, pH 8.8, 6 M of urea, 30% (v/v) glycerol, and 0.002% bromphenol blue) for 15 min each step. In step one, 1 mM DTT was added; in step two, 1 mM iodoacetamide was added. Strips were then subjected to twodimensional SDS-PAGE (10% gel, 7 ϫ 7 or 13 ϫ 13 cm 2 ). The proteins separated in two-dimensional gels were stained with protein staining solutions or transferred onto nitrocellulose or PVDF membranes, and protein patterns were obtained using specific antibodies. The two-dimensional pattern images on the gels or membranes were visualized with fluorescence probes or ECL (GE Healthcare) and scanned by a confocal fluorescence scanner Typhoon 9400 (GE Healthcare).
For two-dimensional DIGE, mouse brain or PC12 cell lysates (10 -50 g) were labeled with 400 pmol of CyDye DIGE Fluor minimal dyes (GE Healthcare) freshly dissolved in anhydrous dimethylformamide. The labeling mixture was incubated on ice in the dark for 30 min, and the reaction was terminated by addition of 10 nmol of lysine. Equal volumes of 2ϫ sample buffer (8 M urea, 4% (w/v) CHAPS, 2 mg/ml DTT, 1% (v/v) IPG buffer, pH 4 -7) were added to each of the labeled protein samples. The two samples were mixed prior to isoelectric focusing by IPG strip and subjected to the two-dimensional PAGE as described above.
Staining of the Two-dimensional Gels by ProQuant Diamond Phosphoprotein Gel Stain and SYPRO Ruby Protein Gel Stain-
For ProQuant Diamond staining, two-dimensional gels were fixed in 50% methanol containing 10% acetic acid once for 30 min and again for overnight. Gels were washed three times in water for 10 min and stained with ProQuant Diamond phosphoprotein gel stain (Invitrogen) in the dark for 60 -90 min and then washed with destain solution (5% of 1 M sodium acetate, pH 4.0, containing 20% acetonitrile) three times for 30 min. Gels were washed twice with water for 5 min and scanned by Typhoon. For SYPRO Ruby gel staining, gels were fixed in 50% methanol containing 7% acetic acid for 30 min, stained in SYPRO Ruby protein gel stain (Invitrogen) for 3 h, and washed with 10% methanol containing 10% acetic acid for 30 min. The fluorescent images were scanned with Typhoon 9400, visualized, and processed as digital data with data mining software ImageQuant version 5.2, DeCyder (GE Healthcare), and ProGenesis Work station version 2005 (PerkinElmer Life Sciences).
RESULTS
The Identification of Neurofibromin C-terminal Associating
Proteins-To isolate proteins that physically associate with neurofibromin, we used the C-terminal domain (CTD), one of the crucial regions in regulating neurofibromin function (10, 14) , as a ligand. Mouse brain cytosolic lysates were loaded onto the affinity column with immobilized GST-CTD or GST. Associating proteins on both columns were eluted using high salt elution buffer. The concentration of eluted protein from the GST-CTD column was 3.7 times higher than that from the control column (Fig. 1A) . To subject the proteins eluted from each column to iTRAQ analysis, each fraction was adjusted to the same protein concentration, separately trypsinized, and modified with four kinds of isobaric tags as follows: iTRAQ114 and -115 for control and iTRAQ116 and -117 for NF1-binding proteins. Four fractions modified with different iTRAQ tags were combined and subjected to NanoLC ESI QQTOF and NanoLC-MALDI-TOF-TOF analysis. The obtained MS/MS data were used for the identification of the specific CTD-associating proteins, and the iTRAQ tag ratio (116, 117 versus 114, 115) was calculated using ProQuant quantitatively.
At least 58 proteins having a specific high ratio of affinity to the GST-CTD compared with the GST column (an identification total ion score more than 61 and the best ion score confidence interval % more than 97%) were listed in Table 1 . Identified proteins include not only the proteins previously found, such as neurofibromin-associating proteins 14-3-3s (14) and tubulins (13) , but also many novel proteins not reported previously. The proteins were categorized into five main groups by their following biological functions: 1) cytoskeleton and its regulators, ARP2/3 complex 20-kDa subunit, actins, tubulins, and cofilin; 2) axonal outgrowth and guidance, collapsin-response mediator protein-2, CRMP-2/dihydropyrimidinase-related protein-2, and DRP-2, DRP-1; 3) neurotransmitter secretion, synapsin I and synaptojanin 1; 4) endocytosis, dynamin-1, protein kinase C, and casein kinase substrate in neurons protein 1; and 5) transcription translation regulator, EF1-␣2, -␥, transcriptional activator protein PUR-␣, SET protein, nucleosome assembly protein 1-like 1, and so on. Consistent with our interest in the function of neuronal cellular regulation associated to NF1 pathogenesis (6), we focused on CRMP-2, which showed one of the most significant associations in the GST-CTD column compared with those of control GST (Table 1) .
To confirm that CRMP-2 is a neurofibromin-associating protein, the binding fractions of GST-CTD and control GST were separated by SDS-PAGE (10% polyacrylamide gel) and analyzed with silver staining (Fig. 1A) or immunoblotting using anti-CRMP-2 antibodies (Fig. 1B ). CRMP-2 was significantly identified in the GST-CTD associating-protein fraction, although it was not obvious in that of the control GST fraction. Using the iTRAQ processing method, we detected 2.4 times higher CRMP-2 binding affinity (8.88 times higher CRMP-2 binding affinity: the ratio compensated with protein concentrations recovered from each column) in the GST-CTD fraction compared with the control GST fraction. The total ion score of identified 18 CRMP-2 peptides was 1437.
CRMP-2 and Tubulin Form a Complex with Neurofibromin in
Vivo-CRMP-2, a tubulin-binding protein, has been known as a key molecule for axon guidance and is thought to form a protein complex whose effects on the regulation of microtubule formation in neuronal cells have not been completely identified (11) . To confirm the association of CRMP-2 and tubulin to neurofibromin in vivo, the immunoprecipitates of the brain cytoplasmic protein fraction with antibodies against tubulin ␣ and ␤, CRMP-2, and neurofibromin were analyzed by Western blotting (Fig. 1C) . The interaction of tubulin was strong with the nonphosphorylated form of CRMP-2 (lower band for CRMP-2 in Fig. 1C ), which is an active form and is increased in the intensity by the absence of phosphatase inhibitors, as reported (11), Interestingly, the binding of nonphosphorylated CRMP-2 to neurofibromin was significantly stronger than that of phosphorylated CRMP-2 (Fig. 1C) . These results suggested that nonphosphorylated CRMP-2 forms a complex with neurofibromin as well as tubulin.
CRMP-2 Directly Binds to Neurofibromin C-terminal Domain-
To analyze whether CRMP-2 binds directly to the neurofibromin or not, in vitro pulldown assay was performed with using recombinant CRMP-2 and GST-neurofibromin N-terminal center and C-terminal domain fragments. GST-CSRD-(543-909), GST-GRD-(1168 -1530), GST-CTD-(2260 -2818), or GST were immobilized on GSH-agarose beads and packed onto columns, and CRMP-2 protein was applied to each column. The bound CRMP-2 on each column was eluted and subjected to the Western blotting analysis using anti-CRMP-2 antibody. As shown in Fig. 1D , lower panel, CRMP-2 was detected in the eluates only from the GST-CTD column, suggesting that CRMP-2 could bind directly to the neurofibro- Arrows indicate the position of the protein for neurofibromin (NF1) and CRMP-2 (upper arrow, phosphorylated form; lower arrow, nonphosphorylated form). D, direct binding of CRMP-2 to neurofibromin fragments in vitro. The GST fusion neurofibromin fragment proteins (GST-CSRD-(543-909), GST-GRD-(1168 -1530), GST-CTD-(2260 -2818)), GST, and CRMP2 (10 g) purified from E. coli were separated with SDS-PAGE and stained with Coomassie Brilliant Blue (upper panel). Each of the GST fusion proteins (GST-CSRD, GST-GRD, and GST-CTD) and GST were immobilized on GSH-agarose beads and packed into each columns. Purified CRMP-2 protein (upper panel, right photo) was applied to the neurofibromin fragment columns and washed with buffer A, and the bound CRMP-2 on each column was eluted, subjected to SDS-PAGE (10%), and analyzed with Western blotting using anti-CRMP-2 antibody (lower panel) as described under "Experimental Procedures." The molecular mass markers are shown in kDa on the left and right in the upper panel, and an arrow indicates the positions of CRMP-2 identified in Western blotting.
min C-terminal domain without intermediate proteins such as tubulin or other binding proteins that were identified in this study.
Neurofibromin Is Co-localized with CRMP-2 in the Distal Tips of Neurites in Differentiated PC12 Cells-To demonstrate the localization of neurofibromin in differentiated PC12 cells, after NGF treatment of the cells we examined the expression pattern of neurofibromin immunocytochemically using anti-NF1 antibody. As shown in Fig. 2 , neurofibromin was significantly distributed throughout the cells, being found in the perinucleus, the cytoplasm, and the apical region of neurites ( Fig. 2A) . To further confirm the co-localization of neurofibromin and CRMP-2 in differentiated PC12 cells, we analyzed the expression patterns of both CRMP-2 and neurofibromin using both anti-NF1 and anti-CRMP-2 antibodies. As we expected, CRMP-2 was found to be co-localized with neurofibromin in the cytoplasmic region and neurites, especially in the distal tips and the cylinder of neurites where CRMP-2 and microtubules form the center core (indicated with white arrows in Fig. 2 , A-C). In addition, neurofibromin is particularly expressed in the adhesive membranous site in the neurite distal cone being linked to the core of CRMP-2 and microtubules of PC12 cells. These results demonstrate that neurofibromin and CRMP-2 are co-localized in PC12 cells, especially in the growing neurites during the differentiation of cells, indicating that the interaction of these molecules may influence the regulation of neurite outgrowth in PC12 cells.
The Effects of NF1 siRNA on the Neurite Outgrowth of PC12 Cells after NGF Treatment-To analyze how NF1 functions during neurite outgrowth regulation in association with CRMP-2 after NGF stimulation, knockdown of neurofibromin by NF1 siRNA in PC12 cells was performed, and the phenotypic change of the neurite outgrowth compared with that of the control siRNA transfected cells was then observed. After 48 h following transfection with NF1(249) siRNA or NF1(4383) siRNA, a more than 90% depletion of neurofibromin in PC12 cells was confirmed with Western blotting using anti-NF1 antibody (Fig. 3A) . Morphological changes of cellular neurite outgrowth after transfection with NF1 siRNAs were precisely analyzed using confocal microscope and time-lapse microscope video analysis. Interestingly, compared with the control cells, which showed normal neurite outgrowth, significant inhibition of neurite outgrowth in PC12 cells was observed after transfection of all types of the NF1 siRNA (Fig. 3, B and C, supplemental  Fig. S1 , and supplemental movies 1 and 2). As shown in Fig. 3B , panels a and b (supplemental Fig. S1A-C) , cells that incorporated fluorescent NF1 siRNA into the peri-nuclear region showed significant inhibition of neurite outgrowth. In contrast, cells that failed to uptake NFI siRNA and cells with NF1 siRNA attached to the cellular surface in a nonspecific manner showed normal neurite outgrowth. This retraction of neurites was detected reproducibly with time-lapse microscope video analysis ( Fig. 3C and supplemental movies 1 and 2 ). Especially after 24 -48 h of NF1 siRNA transfection, the neurite retraction (collapse) was significantly compared with the control cells in a time-dependent manner (Fig. 3C) . These results strongly indi-FIGURE 2. Co-localization of neurofibromin and CRMP-2 in differentiated PC12 cells. PC12 cells with NGF stimulation were detected by rabbit anti-NF1 (4 g/ml) (B and C) and mouse anti-CRMP-2 antibodies (5 g/ml) (A and C), and followed by Alexa 568-conjugated anti-rabbit IgG antibody (red), and Alexa 488-conjugated anti-mouse antibody (green), respectively, as described under "Experimental Procedures." The co-localization was shown in the merged image (C) with yellow color. Cells were observed by a confocal microscope (Fluoview, FV300, Olympus) or fluorescence microscope (with 20 ϫ 1.6 OLYMPUS IX71) (DPController, DPManager). The arrows point to regions of neurofibromin and CRMP-2 co-localization in the distal tips and branches along the neurites. The results were reproducible in five experiments performed with independent preparations. cate that neurofibromin is required for neurite outgrowth in PC12 cells, and they suggest that the interaction of neurofibromin and CRMP-2 plays an important role in neurite outgrowth in PC12 cells.
Proteomic Differential Analysis between PC12 Cells Treated with NF1 siRNA and Control siRNA by Two-dimensional Fluorescence DIGE-
To study the precise differences in protein expression patterns between NF1 siRNA-transfected and control cells, proteomic analysis by two-dimensional fluorescent DIGE was performed. Before analysis, the cell lysates from NF1 siRNA-transfected PC12 cells and control cells were labeled with Cy5-fluora and Cy2-fluora, respectively, and then mixed into one fraction and subjected to two-dimensional PAGE using a 13-cm IPG strip (pI 4 -7) for the first dimension, and SDS-PAGE (10%, 13 ϫ 13 cm) for the second dimension of electrophoresis. The two-dimensional images were obtained after scanning with two fluorescent Cy5 and Cy2 filters and analyzed with inferred from direct assay. More than 1,000 protein spots obtained in each scan (control, 1,071 spots; NF1 siRNA, 1,060 spots) were reproducibly detected in each sample (Fig. 4A) . For over 100 spots, the intensity varied by a factor of more than 1.5 between NF1 siRNA-transfected cells and control cells. Similar results were obtained from another set of twodimensional DIGE gels for which the Cy2/Cy5 labeling was switched (data not shown).
Among these spots, at least seven differently expressed CRMP-2 proteins were identified in two-dimensional DIGE and two-dimensional Western analysis (Fig. 4, A-C) . Four major spots for CRMP-2, spots 1-4, appear from right to left (pI 6.0-5.4), and three minor spots, spots 1.5, 2.5, and 3.5, appear between spots 1 and 2, spots 2 and 3, and spots 3 and 4, respectively (Fig. 4B, lower panel) . Interestingly, the intensity of spot 1 was significantly decreased (red (siNF1)/green (control) ϭ 0.3) after NF1 siRNA transfection (Fig. 4B, upper panel) . For confirmation, the two-dimensional Western pattern of CRMP-2 was semi-quantitatively analyzed using PC12 cell lysates with several conditions. As shown in Fig. 4 , C-E, the time course analysis after NGF treatment showed that the ratio of spot 1 intensity to total spot intensity was significantly decreased in a time-dependent manner compared with the control cells. We also observed changes in the intensities of the other spots corresponding to CRMP-2 (spots 1.5, 2, 3, and 4) (Fig. 4C) . In particular, the ratio of spot 1.5 intensity to total spot intensity was increased significantly after NGF stimulation in NF1 siRNA-transfected cells. These results suggested that changes in the spot intensities of CRMP-2 spots may represent changes in the modification status, such as phosphorylations, as well as NF1-related regulation of neurite outgrowth in PC12 cells.
The Effects of NF1-GRD Type I Overexpression in NF1 siRNATreated PC12 Cells-To confirm whether the changes in neurite phenotypes and CRMP-2 spot patterns in two dimensions were caused by the suppression of neurofibromin with NF1 siRNA, an expression plasmid corresponding to NF1-GRD type I was transfected to PC12 cells in the presence or absence of NF1 siRNA after NGF treatment. Overexpression of GRD type I, which possesses strong RAS-GAP activity (6), significantly effected to rescue both neurite retraction and CRMP-2 spot shifts, especially the intensities of spot 1 and spot 1.5, which were returned to the control (not treated with NF1 siRNA) levels, in PC12 cells (Fig. 5, A and B) . These results demonstrate that the neurite outgrowth of PC12 cells needs neurofibromin GAP activity and that these phenotypic changes are correlated with the CRMP-2 protein spot shifts.
Analyses of CRMP-2 Phosphorylation Patterns in Two-dimensional DIGE-CRMP-2
has been known as a highly phosphorylated protein in neuronal cells (16) . To determine whether each spot corresponding to CRMP-2 was the phosphorylated form or not, we analyzed phosphorylated proteins in PC12 cells by two-dimensional DIGE using phospho-specific protein stainer, ProQuant Diamond. Fig. 6A (lower panel) shows that ProQuant Diamond staining of spots 1.5, 2, 2.5, 3, 3.5, and 4 was obvious (yellow or orange), whereas spot 1 was unresponsive to the staining (green). This evidence was confirmed with another experiment using Cdk inhibitors that amplify spot 1 with protein (SYPRO Ruby) level but not phosphorylation (ProQuant Diamond) level (supplemental Fig. S2 ). These results indicated that, among the seven CRMP-2 spots in the two-dimensional gels, only spot 1 represents the nonphosphorylated form, whereas the other spots are phosphorylated forms of CRMP-2. Semi-quantitative analysis of spot intensities by ProQuant staining revealed that specific phosphorylation levels in each protein spot were increased in correlation with decreases in spot pI (Fig. 6B) . These results suggest that the shift of protein spots from right to left (from pI 5.9 to pI 5.4) reflects the differences in phosphorylation levels of each spot. The specific phosphorylation/protein levels of spots 1.5 and 2 were similar, although the pI of each spot showed a small difference, suggesting that these spots possess the same level of phosphorylation but different phosphorylation sites. Spots 2.5 and 3 also showed similar levels of specific phosphorylation when compared with each other but almost twice the level when compared with the pair of spots 1.5 and 2. This indicated that spots 2.5 and 3 possess different phosphorylation sites and 2 times higher levels of phosphorylation than spots 1.5 and 2.
Identification of the CRMP-2 Phosphorylation Sites in PC12 Cells by Two-dimensional Western Analysis-To identify the phosphorylation sites of CRMP-2 proteins, whose spots were differentially shifted forming a seven-spot pattern (Fig. 7A) , we analyzed the phosphorylation patterns of CRMP-2 in PC12 cells by Western blotting in several conditions of kinase inhibitors using specific antibodies against phosphorylated CRMP-2. After calyclin A treatment to increase the CRMP-2 phosphorylation levels in PC12 cells (Fig. 7B ), significant disappearance of CRMP-2 spots 1.5, 2.5, and 3.5 was observed in the presence of the Rho kinase inhibitor (Y27632) (Fig. 7C) . A specific antibody against the Rho kinase-phosphorylated CRMP-2 (antiphospho-Thr 555 CRMP-2 antibody) reacted with those spots (Fig. 7D) , whereas in the presence of Y2763, these positive spots all disappeared (Fig. 7E) , suggesting that spot 1.5 could be Thr 555 -phosphorylated CRMP-2 by Rho kinase and that spots 2.5 and 3.5 could have other phosphorylation sites in addition to Thr 555 . The specific antibody against GSK-3␤-phosphorylated CRMP-2 (anti-phospho-Thr 514 CRMP-2 antibody) reacted with spots 3 and 4 significantly (Fig. 7K) . In the presence of GSK-3␤ inhibitor (LiCl), spots 3 and 4 shifted and displayed lower intensities (Fig. 7L) or very low reactivity against antiphospho-Thr 514 CRMP-2 antibody (Fig. 7M) , suggesting that spot 3 could possess the phosphorylation site of Thr 514 by GSK3-␤ and that spot 4 could possibly have another phosphorylation site such as Thr 518 or Thr 509 as reported (17), in addition to Thr 514 . It is well known that a GSK-3␤ priming kinase such as Cdk5 is necessary for the GSK-3␤ phosphorylation of CRMP-2. Thus, we treated the cells with or without a Cdk5 inhibitor, purvalanol A, and the effect on the two-dimensional pattern of CRMP-2 was analyzed. As shown in Fig. 7 , F and G, there were significant decreases in the spot intensities of spots 2-4, and remarkable increases in the intensities of spots 1 and 1.5 in the presence of purvalanol. To confirm these spot shifts were caused by the CDK5 inhibition, the same samples used for Fig. 7 , F and G, were subjected to two-dimensional Western analysis using the specific antibody against Cdk-5-phosphorylated CRMP-2 (anti-phospho-Ser 522 CRMP-2 antibody). The anti-phospho-Ser 522 CRMP-2 antibody significantly reacted with spot 2, 2.5, 3, 3.5, and 4 in the absence of the inhibitor (Fig.  7H ), whereas these reactive spots almost disappeared in the presence of purvalanol (Fig. 7I) . To confirm our speculation that spot 1 is a real nonphosphorylated form of CRMP-2, the cellular CRMP-2 spot 1 was analyzed by ProQuant Diamond and SYPRO Ruby staining, after Cdk5 inhibitor treatment that significantly amplified the spot 1 intensity in a two-dimensional Western blot (Fig. 7G) . The intensity of SYPRO Ruby protein staining of spot 1 was increased with Cdk5 inhibitor more than five times, but the intensity of phospho-staining by ProQuant Diamond was not increased compared with those in the control condition, suggesting that spot 1 is a nonphosphorylated CRMP-2 (supplemental Fig. S2 ). These results strongly indicate that spot 2, which shifted from spot 1, could have a Cdk5 phosphorylation site of Thr 522 that acts as a priming phosphorylation site for GSK-3␤. We also deduced that spots 3 and 4 could both have a phosphorylation site of Thr 522 in addition to the phosphorylation site of Thr 514 . The spot 1.5 increased in intensity, whereas spots 2.5 and 3.5 decreased in intensity after purvalanol A treatment suggested that Rho kinase-related spots 2.5 and 3.5 might be involved in the phosphorylation by Cdk5 and/or that the Cdk inhibition caused the Rho kinase activation. were observed with the phase-contrast microscope (ϫ100) and subjected to the analysis with two-dimensional immunoblotting using anti-CRMP-2 antibody. B, comparison of each spot intensity for CRMP-2 after the transfection of NF1 siRNA and NF1 GRD. The histograms show the percentage of each spot intensity in total spot intensity of CRMP-2s in individual samples. The intensity of each sample was obtained by two-dimensional Western blotting using anti-CRMP-2 antibody followed by Cy5-labeled secondary antibody. The data were obtained from the average results of the four separate identical experiments, and the significant coefficient of correlation values less than 0.05 are shown in each histogram. Error bars represent S.E. of three sets of those experiments. FIGURE 6. Semi-quantitative two-dimensional PAGE analysis of CRMP-2 phosphorylation using ProQuant Diamond staining. A, phosphorylated CRMP-2s were sequentially shifted to the acidic pI region in two-dimensional gels. Phosphorylated CRMP-2 separated on two-dimensional gels were stained with ProQuant Diamond (red) and SYPRO Ruby (green), scanned with Typhoon 9400, and merged, respectively. B, ratios of each spot intensity stained with ProQuant Diamond for phosphoprotein versus SYPRO Ruby for protein. The y axis shows the ratio of fluorescent intensities of spots 1, 1.5, 2, 2.5, and 3 obtained from ProQuant Diamond staining versus SYPRO Ruby staining. The ratios for spots 3.5 and 4 were not calculated because other unknown protein spots crossed over on those spots and caused difficulties for the calculation.
Suppression of Neurofibromin by NF1 siRNA Up-regulated Cdk5, GSK-3␤, and RhoK Phosphorylation of CRMP-2 in PC12
Cells after NGF Treatment-It is clearly evident that intensity changes in the protein spots of CRMP-2 caused by kinase inhibitor treatments of PC12 cells reflect the alteration of CRMP-2 phosphorylation status. We speculated that CRMP-2 phosphokinases could be regulated by neurofibromin during neurite outgrowth in PC12 cells. To understand the role of neurofibromin in cellular phosphorylation of CRMP-2 and its significances for neurite outgrowth, we analyzed the effects of kinase inhibitors on CRMP-2 phosphorylation as well as phenotypic changes in PC12 cells after treatment with NF1 siRNA.
PC12 cells stimulated with NGF after suppression of neurofibromin by siRNA were treated with Rho kinase inhibitor (Y27632), and the CRMP-2 two-dimensional Western patterns were analyzed semi-quantitatively. As shown, Fig. 8, A, panel c, and B, spot 1.5, designated as a Rho kinase-phosphorylated spot (phospho-Thr 555 ), significantly disappeared. Interestingly, the decrease in spot 1.5 intensity occurred in parallel with a decrease in the intensity of spot 2 (phosphorylated CRMP-2 (phospho-Ser 522 ) by Cdk). In addition, the intensities of spots 3 and 4 (phosphorylated CRMP-2 (phospho-Thr
514
) by GSK-3␤ in addition to Cdk5 phosphorylation at phospho-Ser 522 ) were increased in the Rho kinase inhibitor-treated cells combined with NF1-siRNA treatment, compared with the control cells. At the same time, we observed the effect of Rho kinase inhibitor on the neurite retraction caused by NF1-siRNA. RhoK inhibitor showed some effects on the neurite recovery as shown in Fig.  8A, panel c (left and middle panel) ; however, the effects on the extension pattern of neurites and the cellular shape were different (shorter filopodia and a round cell body as shown in Fig. 8A , panel c) from those of control cells. These results suggest that NF1 siRNA increases the Rho kinase-related phosphorylation of CRMP2 and that combining treatment by Rho kinase inhibitor with NF1 siRNA affects both Rho kinase as well as Cdk5/ GSK-3␤ phosphorylation of CRMP2. These CRMP-2 phosphorylation changes on CRMP-2 may reflect the incomplete neurite recovery in RhoK inhibitor treatment.
On the other hand, the combined treatment of Cdk5 inhibitor (purvalanol A or olomoucine) with NF1 siRNA was significantly effective in decreasing the intensities of spots 2-4 ( Fig.  8A, panel d, and B, and supplemental Fig. S3 ), which were designated as Cdk5 and GSK-3␤-related phospho-CRMP-2 respectively. In this condition, the intensity increase of spot 1 (nonphosphorylated CRMP-2) in Cdk5 inhibitor-treated cells was also significant. The intensity of spot 1.5, which is related to Rho kinase, was also increased after Cdk5 inhibitor and NF1 siRNA treatment, suggesting the Cdk5 involvement of spot 1.5 as shown in Fig. 7G, Fig. 8, A, panel d, and B , and supplemental Fig. S3 , B and C. These effects dramatically reflected the neurite extension rescuing the retraction by NF1 siRNA as shown in Fig. 8A, panel d, and supplemental Fig. S3 , B and C, suggesting that NF1 siRNA-related spot 1 intensity decrease and neurite retraction could be mainly caused by Cdk5 activation. In the area of spot 4, which represents more than three phosphorylation sites of CRMP-2, a relatively broad increase in intensity was detected and labeled as Cdk5 inhibitor effects with an unknown reason.
Finally, the effects of combined treatment of GSK-3␤ inhibitor (LiCl) with NF1 siRNA was analyzed. The result revealed that LiCl treatment was dramatically effective in decreasing the intensities of spots 3 and 4 ( Fig. 8, A, panel e, and  B) , which were designated as both GSK-3␤ (phospho-Thr 514 ), and Cdk5
(phospho-Ser 522 )-related phospho-CRMP-2. However, the effect of LiCl on spot 1 was not significant, and its morphological effect of rescuing the neurite retraction was small (Fig. 8A, panel e) . These results demonstrate that individual treatment by the GSK-3␤ inhibitor stops further sequential phosphorylation of the CRMP-2 spot 2 to spots 3 and 4, but it has little effect functionally on neurite retraction in this system.
From these results, it is indicated that both the NF1 siRNA-related decrease in intensity of spot 1 and the increase in intensity of spot 1.5 are related to the complemental activation of Cdk5, GSK-3␤, and the Rho kinase, as well as their phosphorylation of CRMP-2. However, neurofibromin-related neurite regulation, in association with CRMP-2 phosphorylation, may be mainly controlled via the regulation of Cdk5 kinase activity, which strongly controls the intensity of spot 1, the nonphosphorylated active form of CRMP-2.
DISCUSSION
In this study, we demonstrated a novel function of neurofibromin in neurite outgrowth of PC12 cells comprising regulation of CRMP-2 phosphorylation via direct and indirect association with CRMP-2 (supplemental Fig. S5 ). CRMP-2 was identified as a neurofibromin-binding protein using newly developed proteomic affinity mapping methods. Neurofibromin directly interacts with the active (nonphosphorylated) form of CRMP-2, but not with the inactive (phosphorylated) form of CRMP-2, via the neurofibromin CTD. Immunocytochemical analysis showed that neurofibromin and CRMP2 are co-localized especially in the distal tips and branches along the neurites, which are recognized as major CRMP-2 action sites (18) in differentiated PC12 cells. Depletion of neurofibromin in PC12 cells with NF1 siRNA up-regulated the inactivation of CRMP-2 by phosphorylation, which induced neurite retraction of the cells. The phosphorylation of CRMP-2 is regulated with several kinases, such as Cdk5, GSK-3␤, and Rho kinase. Here we present evidence that the phosphorylation of CRMP-2 by these kinases may be regulated by neurofibromin via the direct interaction/complex formation with CRMP-2, and by indirect regulation of these kinase cascades in PC12 cells during neurite outgrowth after NGF treatment.
Previously, we found that time-dependent increases in the GAP activity of cellular neurofibromin (NF1-GAP) were detected after NGF stimulation in PC12 cells, and these increases were correlated with the down-regulation of Ras activity during neurite elongation (6) . Interestingly, when cellular NF1-GAP activity was inhibited with dominant-negative (DN) forms of NF1-GRD type I, neurite extension of PC12 cells was significantly inhibited. This correlated with prolonged Ras activation and longer stimulation by NGF (6) .
Similar results were obtained in the present study using NF1 siRNA, which caused depletion of neurofibromin and significant inhibition of neurite outgrowth. Forty eight hours of observation with a time-lapse microscope directly following NGF addition showed that PC12 cells transfected with NF1 siRNA displayed weak and short neurite extension, which quickly resulted in retraction ( Fig. 3 and supplemental movies 1 and 2). Phenotypic changes were also observed in the rat embryonic hippocampal primary neuron whose axonal extension was significantly reduced after treatment with NF1 siRNA, 3 as we observed a similar result in previous studies with using GRD-DN overexpression (6) . The rescue experiment performed by overexpressing the high NF1-GAP activity FLAG-GRD type I (6) was successful in both changing neurite outgrowth and the CRMP-2 phosphorylation pattern (Fig. 5, A and B) . Thus, it could be concluded that cellular Ras regulation by NF1-GAP is one of the most important events in neuronal development, although another function of neurofibromin in addition to NF1-GAP activity may also be part of this mechanism.
Most of the NF1 mutations are nonsense, frameshift, or truncating mutations leading to premature termination codons (19, 20) , and a relatively high frequency of the mutations have been reported downstream of the GRD in the C-terminal region. This suggested that the neurofibromin C terminus is a crucial region in regulating neurofibromin function. In our previous study, we identified several functional proteins, such as 14-3-3s (14) and DDAH (10) , that bound to the C-terminal NF1 and affected the GAP activity of neurofibromin, suggesting that the C-terminal region of neurofibromin could be a regulatory domain for GRD activity. In this context, identification and analysis of cellular proteins that are bound to C-terminal neurofibromin are thought to be crucial to elucidate the biological significance of neurofibromin.
In this study, at least 58 proteins associating with neurofibromin (Table 1) were identified semi-quantitatively with (iTRAQ) using micro-affinity columns and NanoLC ESI/MALDI-MS/MS analysis. These proteins contained several neuronal regulating proteins, including not only previously known but also novel proteins, such as CRMP-2, which is known as an axon regulatory cargo protein. This information moved us to analyze the mutual association of CRMP-2 and neurofibromin in conjunction with neuronal function.
Collapsin-response mediator proteins are a family of cytosolic proteins developmentally regulated in the nervous system (21) (22) (23) (24) , which are assumed to mediate intracellular responses to collapsin (25) . Collapsin-response mediator proteins have significant homology with the product of unc-33 in Caenorhabditis elegans, the mutation of which results in abnormal axon outgrowth (26 -28) . CRMP-2 directly binds to kinesin light chain (KLC1) and tubulin, resulting in a trimeric complex that regulates tubulin transport to the distal part of the growing axon (29) . Analogous to the CRMP-2-tubulin interaction, it is speculated that neurofibromin could be a new CRMP-2-related cargo or complex protein that functions as a regulator of the axon formation complex. It was reported that interaction between CRMP-2 and tubulin was altered by CRMP-2 phosphorylation by Cdk5, GSK-3␤ (30) , and by Rho kinase (11) . In our study, the interactions of neurofibromin, CRMP-2, and tubulin were confirmed with immunoprecipitation assay using each of their respective antibodies, and it was found that neurofibromin and tubulin could bind strongly to the nonphosphorylated form of CRMP-2, as we expected (Fig. 1, C and D) .
In general, the phosphorylation of CRMP-2 has been analyzed using one-dimensional Western blotting, after which it has been assessed whether the band for CRMP-2 shifts up or not. Our strategies used in this study, such as two-dimensional DIGE combined with a specific staining for phosphorylated proteins (ProQuant Diamond) and two-dimensional Western blotting using specific antibodies, could be an original method to identify a series of CRMP-2 protein spots with varying types of phosphorylation. We identified the specific phosphorylation sites of CRMP-2 by Rho kinase, Cdk5, and GSK-3␤ in PC12 cells and demonstrated that the neurite retraction is exacerbated by the combinatorial up-regulation of CRMP-2 phosphorylation. As we summarized in Figs. 7 and 8, CRMP-2 phosphorylation is represented starting with a shift in intensity from spot 1 to spot 2 caused by the up-regulation of Cdk5. Spot 2 contains the first phosphorylation site by Cdk5 (Ser ), is revealed and followed by the other two phosphorylations on spots 2.5 and 3.5. It is reasonable to speculate that the regulation of neurofibromin-related Ras signaling is necessary for CRMP-2 phosphorylation and neurite outgrowth, because these changes in the spot intensities were rescued with the overexpression of NF1-GRD (6) (Fig. 5) .
When we focus on the intensity alteration of spot 1, an active form of CRMP-2 (nonphosphorylated form), a part of the mechanism of neurofibromin-dependent neurite regulation could be simply interpreted in association with CRMP-2 function. First, this active CRMP-2 can form a complex with neurofibromin to maintain the activity to process the neurite outgrowth with NGF treatment, where NF1-GAP may contribute to slow the Ras signal cascade related to CRMP-2 phosphorylation such as MAPK-Cdk5-GSK-3␤, Rho-RhoK, and others. Second, neurofibromin depletion by siRNA treatment signifi-cantly decreased spot 1 intensity and increased the Cdk5, GSK-3␤ RhoK-dependent phosphorylation on CRMP-2, and this was correlated with the neurite retraction of PC12 cells. Third, the decrease of the CRMP-2 spot 1 and the neurite retraction were significantly rescued with NF1-GAP domain overexpression (Fig. 5) or Cdk5 inhibitor treatment (Fig 8A,  panel d, and supplemental Fig. S3 ). Thus, we speculate that the increase of nonphosphorylated CRMP-2 (spot 1) is most important for the neurite outgrowth, and that this was regulated with neurofibromin by inhibiting both Cdk5 activity and CRMP-2 phosphorylation (supplemental Fig. S5 ).
Concerning spots 2-4, the ratio of their combined spot intensity (CSI) to the total spot intensity (TSI) (spots 1-4) was significantly increased after NF1 siRNA treatment because spot 1 decreased in a statistically significant manner, suggesting that the activation of Cdk5 and that of GSK-3␤ thereafter may be controlled by neurofibromin depletion. Inhibition of neurite outgrowth was correlated with the increases in the CSI ratio, and phenotypic changes were rescued by NF1-GAP domain overexpression or Cdk5 inhibitor treatment. Nevertheless, only a partial effect was observed with the GSK-3␤ inhibitor, which magnified the significant increase of spot 2 and the decrease of spots 3 and 4 ( Fig. 8) , suggesting that the main factor of the NF1-related regulation of neurite outgrowth and CRMP-2 phosphorylation may be Cdk5, but also GSK-3␤ may function as a player working with its priming kinase Cdk5 to accelerate the phosphorylation of CRMP2 and cause the decrease of the active form of CRMP-2 (spot 1), thereby relating indirectly to the neurite regulation in this system.
On the other hand, spot 1.5 (RhoK-phosphorylated CRMP-2 (phospho-Thr 555 ) was significantly increased after NF1 siRNA treatment, suggesting that the activation of RhoK is controlled by the neurofibromin depletion. Inhibition of neurite outgrowth was also correlated with the increase in spot 1.5 intensity, and these phenotypic changes were rescued by NF1-GAP domain overexpression or RhoK inhibitor (although the effect of RhoK inhibitor for neurite recovery was partial) as shown in Figs. 5 and 8. This suggested that the activation of RhoK was at least controlled by the neurofibromin depletion, and some part of the NF1-related regulation of neurite outgrowth and CRMP-2 phosphorylation could involve RhoK regulation.
After Cdk5 inhibitor treatment, the increase in spot 1.5 by NF1 depletion was more significant and reproducible (Fig. 8) . This was speculated that increase of spot 1.5 is partly caused by the shift and decrease of spots 2.5 and 3.5 after Cdk 5 inhibitor treatment. Because they have Cdk phosphorylation site in addition to the Rho kinase site, their shift to the spot 1.5 position by the inhibition of Cdk5 resulted in the increase of the intensity of spot 1.5. Spots 2.5 and 3.5 were also increased after NF1 depletion and rescue experiments with NF1-GAP domain overexpression or RhoK inhibitor looked effective in decreasing those spot intensities, although these spots were originally too small to calculate statistically. Thus, in this study we do not discuss in depth the intensity changes of 2.5 and 3.5 spots, and their relation to the neurite outgrowth. The NF1-GAP-related regulatory signals in neuronal cells such as Ras-MAPK, Ras-PI3K (6), and Rho-RhoK/ROCK-LIMK (9) have been reported previously. In this study, we are the first to demonstrate that the phosphorylations of CRMP-2 by Cdk5, GSK-3␤, and Rho/Rho kinase, which are regulated with neurofibromin, play a role in the neurite outgrowth of PC12 cells (supplemental Fig. S5) .
Concerning the functional association of Rho/Rho kinase to cellular neurofibromin, in our previous study we demonstrated that neurofibromin depletion by NF1 siRNA activates cell motility by regulating the dynamics and reorganization of actin filaments via the Rho-RhoK/ROCK-LIMK2-cofilin pathway (9) . Recently, several lines of evidence have also implicated the Rho kinase/ROCK-LIMK-cofilin pathway in the regulation of axon growth and guidance in neuronal cells (31) (32) (33) (34) (35) . Although CRMP-2 phosphorylation by Rho kinase has been reported during the lysophosphatidic acid-induced growth cone collapse in neurons, this could be the first study to implicate the RhoRho kinase pathway as causing neurite retraction in PC12 cells after neurofibromin (NF1-GAP) depletion.
Cdk5 is also reported as being activated mainly in post-mitotic cells such as neurons (36) and is suggested to play important roles in neurite outgrowth (37) and neuron migration (38) . Cdk5 also modulates protein kinase reactions such as Rac-dependent phosphorylation of p21, which results in modification of the actin cytoskeleton (39) . Because the Ras-MAPK signal transcriptionally up-regulates p35 protein, which is an active binding unit for Cdk5, our demonstration of the up-regulation of Cdk5 via NF1-GAP depletion and Ras activation seems reasonable (supplemental Fig. S5 ).
On GSK-3␤ function, the report showing that Ras-PI3K-AKT signal activation causes the inactivation of GSK-3␤ and enhances neurite outgrowth rates in PC12 cells (40 -42) looked controversial, considering our results showed that Ras signal activation caused by NF1-GAP depletion resulted in GSK-3␤ activation, up-regulation of CRMP-2 phosphorylation, and neurite retraction. However, there are several reports strongly demonstrating that GSK-3␤ is activated via the activation of Cdk5 as a priming kinase (17) , and also via Rho-related signal activation (31), supporting our speculation that activation of Cdk5 and Rho/RhoK after neurofibromin depletion can affect the up-regulation of GSK-3␤ (supplemental Fig. S2 ).
The direct evidence on the relationship between neurofibromin binding to CRMP-2 and neuronal differentiation could be important to understand the mechanism of this study more correctly. To obtain the information related to this, NF1-CTD was overexpressed in PC12 cells to inhibit the cellular binding of neurofibromin to CRMP-2. After NGF stimulation of PC12 cells, the GFP-NF1-CTD fluorescence was detected successfully in the cells, and their neurite outgrowth was significantly inhibited compared with that of GFP-Mock cells as shown in supplemental Fig. S4 . However, in addition to this cellular event, we noticed that the effect of the CTD overexpression on the neurite outgrowth was morphologically different from that in the NF1 siRNA-treated cells. For instance, the GFP-CTDtransfected cells represented a smaller size of the cellular body than those of control cells, and cell detachment was frequently observed. We speculate that the NF1-CTD may work as a regulatory domain for other binding partners, such as tubulins, actin, cofilin, Arp2/3 complex cytoskeletal-organizing proteins, and so on (as shown in Table 1 ), to collaborate and obtain another cellular function in PC12 cells. Thus, we conclude that NF1-CTD overexpression could not be a simple "decoy" for the cellular binding of CRMP-2 and neurofibromin but that it could have a more complex function existing in this system to be clarified. Further study will be needed to understand this mechanism underlying neurofibromin functions associated with other binding partners in the neuronal cellular differentiation.
In conclusion, we postulate a novel function of cellular neurofibromin associated with CRMP-2 activity in which it performs two complementary roles (supplemental Fig. S5 ). First, neurofibromin directly regulates CRMP-2 activation through association, which may protect the phosphorylation sites or change the conformation of CRMP-2 and, in turn, prevent the exposure of CRMP-2 to several kinases such as Rho kinase, Cdk5, and GSK-3␤. By the suppression of neurofibromin, the chance of CRMP-2 being exposed to its kinases could be increased. Second, neurofibromin indirectly regulates CRMP-2 by suppressing CRMP-2-phosphorylating kinases. Neurofibromin activity (NF1-GAP) may regulate CRMP-2 phosphokinase activities via the regulation of Ras-related signal pathways, such as MAPK-Cdk5-GSK-3␤ and Rho-Rho kinase. The suppression of neurofibromin can result in the inhibition of neurite outgrowth via increased activity of Ras signals, which activates kinases involved in CRMP-2 phosphorylation. By using NGFstimulated PC12 cells as a model, our study has demonstrated a possible cellular function of neurofibromin in neuronal cell differentiation. Further studies based on our findings will shed light on the mechanism of NF1-related neuronal pathogenesis, such as learning disability and memory retardation.
